Neural tissue engineering (NTE) is a rapidly progressing field that promises to address several serious neurological conditions that are currently difficult to treat. Selecting the right scaffolding material to promote neural and nonneural cell differentiation as well as axonal growth is essential for the overall design strategy for NTE. Among the varieties of scaffolds, hydrogels have proved to be excellent candidates for culturing and differentiating cells of neural origin. Considering the intrinsic resistance of the nervous system against regeneration, hydrogels have been abundantly used in applications that involve the release of neurotrophic factors, antagonists of neural growth inhibitors and other neural growth-promoting agents. Recent developments in the field include the utilization of encapsulating hydrogels in neural cell therapy for providing localized trophic support and shielding neural cells from immune activity. In this review, we categorize and discuss the various hydrogel-based strategies that have been examined for neuralspecific applications and also highlight their strengths and weaknesses. We also discuss future prospects and challenges ahead for the utilization of hydrogels in NTE.
Introduction
The mammalian nervous system is broadly divided into the central and peripheral nervous systems. The central nervous system, comprising the brain and spinal cord, is afflicted by numerous neurological conditions such as neurodegenerative disorders, demyelinating diseases and ischaemic insults. Treatment of such disorders varies in number and approach, though very few result in complete recovery or resolution. Current treatment strategies for neurological conditions broadly encompass a twofold approach, where the first step is to curtail the ongoing disease pathogenesis, followed by a more long-term strategy that aims to prevent further tissue damage and recurrence. A third approach, which is currently more in an experimental stage, attempts to replace lost neural tissue or promote existing tissue to regenerate within the nervous system. However, all of the above three approaches face significant challenges. The nervous system is well known to be protected by the blood-brain barrier, which blocks the majority of therapeutic compounds from reaching the neural tissue [1] . Secondly, neural regeneration in the central nervous system poses a unique challenge to tissue engineering strategies, mainly because the intrinsic nature of the adult nervous system is heavily stacked against neuronal differentiation and regeneration. Cell-secreted molecules such as chondroitin sulfate proteoglycans (CSPGs) [2] , Nogo [3] and myelin-associated glycoprotein [4] are well known to inhibit neuronal regeneration. This growth-inhibitory environment is particularly apparent in the central nervous system, while the peripheral nervous system demonstrates comparatively better regenerative potential, mainly because of the lack of neural inhibitory factors [5] . Despite such challenges, researchers have developed various tissue engineering strategies that are specific for the brain, spinal cord and nerve, culminating in the specialized field of neural tissue engineering (NTE). The underlying principle of NTE is to develop an artificial biological environment that is conducive for © 2020 The Author(s) Published by the Royal Society. All rights reserved.
neural tissue growth. NTE strategies consist of several multifaceted approaches that aim to develop three-dimensional (3D), viable neural tissue capable of replacing damaged or diseased neural components, promote neural regeneration and restore function. Here, it must be noted that the term 'neural tissue' in the context of tissue engineering is slightly misleading since it appears to give an impression that it predominately deals with neurons. In fact, strategies in NTE encompass contributions from both neurons and non-neuronal glial cells [6] for developing functional neural tissue. Incidentally, during embryological development, the loss of neuronal regenerative potential, a major challenge in NTE, coincides with the development of the non-neuronal glial cells, suggesting the importance of these cells in structuring the nervous system. Hence, when designing and developing ideal tissue mimetic conditions for NTE, consideration of factors that sustain and promote neuronal, non-neuronal and extra-neural matrix has prime importance [7, 8] .
NTE uses biomaterials, cellular components and neurotrophic factors to facilitate neuronal differentiation and regeneration. Currently, tissue engineering strategies for neuronal regeneration can be classified into four categories. These include (a) incorporation of guidance cues, (b) factors to promote cell adhesion and proliferation, (c) drug delivery components, and (d) electrical conductivity of the tissue supporting matrix. Each of these components has been used in previous studies, either individually or in combination to promote neural regeneration. Among the several biomaterials available, hydrogels provide maximum flexibility and ease in modifying material characteristics to suit neural regenerative requirements (figure 1). In this review, we explore the role of hydrogels in assisting neural tissue growth with the potential for clinical applicability.
Hydrogels are a category of polymeric materials with physical and chemical properties that make them conducive for cell growth. It is well known that tissue development within artificial regenerative environments requires scaffolding platforms that provide an overall microstructure that mimics the extracellular matrix. Hydrogels provide such a 3D microarchitecture [9] that is conducive for tissue regeneration and forms the primary basis for their use in neural regeneration (figure 2). The ease and adaptability of hydrogels can be assessed by their applicability in regenerating a range of varying tissue types such as highly dense bone to very soft tissues 
Physical guidance cues within hydrogel systems
A neuron comprises the cell body and its extensions, called axons and dendrites, that conduct action potentials across long distances. Axons use micro-topographical cues to sense and probe their immediate surroundings to trigger adaptive responses such as neuritic extension or retraction [10] . Such observations are clearly visible in 3D scaffolds developed using advanced lithography techniques [11, 12] , where neurites track along scaffold surfaces and change direction according to topography ( figure 3 ). In addition, extracellular proteins or lipid molecules found on the surface of adjacent cells embedded within hydrogels are also used as guidance cues [13] . Structurally, it has been observed that the tip of the growing axon, termed the growth cone, adheres to the adjacent substrate, and the resulting structural rearrangement of the microtubule and F-actin proteins within the axon promotes its extension [14] . In conditions such as spinal cord injury and amyotrophic lateral sclerosis, where axons degenerate, hydrogels have been shown to promote axonal growth, repair and restoration of function to a certain extent [15, 16] , partly by altering the surface micro-topography that is sensed by the axons [17] . Observations such as the above suggest that axonal growth and development in a hydrogel matrix primarily depend on certain interconnected factors:
(a) mechanical stress experienced by the neural membrane (b) neuronal cytoskeletal dynamics within the scaffold (c) mechano-sensing ability of the neurons.
Mechanical stress
As mentioned earlier, the interaction of neurons with their environment has been shown to have several implications for morphological and functional outcomes. The mechanical stress experienced by the neuronal membrane along the interface of the hydrogel surface dictates, to a large extent, axonal growth and directionality. However, it is important to note that the mechanical stress of the membrane is also affected by intrinsic factors such as the contractile nature of the filopodia and cytoplasmic and cytoskeletal pushing forces [18] . In addition, the maintenance of mechanical tension all along the neurite helps in attachment, in establishing neuronal synapses, in regulating the diameter of the neurites and in neuronal arborization and arrangement [10] . An increase in the viscoelasticity of the axoplasm due to microtubule and actin polymerization has also been reported to contribute to the rate of axonal elongation [19] . Hydrogel systems capable of providing physical guidance cues for neural growth are listed in table 1.
In addition to the inherent mechanical forces acting within the neuron, those cultured on hydrogel matrices experience forces that are intrinsic to the scaffold material. One such hydrogel property is substrate stiffness: it has been observed that cortical neurons cultured on synthetic and naturally occurring hydrogel materials such as polyacrylamide gels and fibrin, respectively, have superior cell survival and neuritic extension when the hydrogel elastic modulus is closer to that of the softer extracellular matrix [25] . While the F-actin polymerization mechanism remains unchanged in neurons cultured on hard and soft hydrogels, the softer gels tend to induce increased neuronal sprouting compared with harder gels. Interestingly, astrocytes demonstrate adhesion properties that seem to be in stark contrast to those of neurons, as they appear to do much better on stiffer substrates [25] . Similar observations have been noted in hydrogels containing varying concentrations of alginate and calcium that have been developed into 3D cell-encapsulating scaffolds. Neural stem cells cultured on alginate-calcium 3D hydrogels with relatively lower stiffness (Young's modulus of approx. 180 Pa) showed a (approx. 20-fold) relative increase in expression of neuronal marker (β-III tubulin) [20] , pointing towards a clear correlation between neural differentiation and hydrogel stiffness. Similarly, neurons cultured on DNA-cross-linked hydrogels with reduced mechanical stiffness exhibit enhanced axonal length and an increase in expression of focal adhesion kinase [26] , a protein that is known to sense mechanical stress [29] .
Another curious observation that may in part be related to the mechanical stress experienced by the axonal membrane is the propensity of axons to follow ridges on scaffolds. Axonal growth of adult neurons cultured on synthetic hydrogel (polymethylmethacrylate; PMMA) with nano-printed patterns has been found to be dependent on topographical surface patterns where a distinct preference to adhere and extend on hydrogel ridge edges and elevations was observed, though the actual mechanism and the reason for such a preference remains unclear [24] . Axonal tips have also been shown to advance faster on softer substrates, and have been specifically found to move away from harder areas on a scaffold, depending on the local stiffness gradient. It has been increasingly found that, as the stiffness of the hydrogel scaffold comes closer to the stiffness of the local tissue matrix for the specific neural cell type, neural cells tend to do better in terms of growth and function. There can be multiple underlying reasons for this observation, but, specifically, piezo 1, a mechano-sensitive ion channel, has received considerable attention [21] . External traction forces exert their effect on the lever-like mechano-gating mechanism of the piezo 1 channel that elicits the entry of calcium, a known modulator of differentiation and axonal growth [30] . This will be discussed in more detail in §2.3.
Neuronal cytoskeletal dynamics within the hydrogel scaffold
Developing or regenerating neurons project extensions (neurites) that later differentiate into dendrites or axons. Actin, microtubules and neurofilament proteins form the major structural components of such neuronal projections. Actin filaments are thin, flexible, two-stranded lattice structures, consisting of the small bi-lobed protein called actin, that are found just underneath the neurite membrane. Actin provides membrane stability and acts as a supporting platform for the movement of cargo over short distances. Neurite growth is a function of dynamic shortening and lengthening of the actin filament, primarily controlled by the dynamic actin polymerization mechanism [31] . Branch retraction and collateral branching are some of the neurite properties that are heavily controlled by actin filament dynamics, aided by the actin-binding cytoplasmic proteins. Microtubules, unlike actin filaments, are hollow, tubular structures present within axons; their flexural rigidity is far higher than that of the actin filament, and they are capable of resisting compressive forces. Stiffness and mechanical rigidity of the axon depend on the cross-linking of actin and microtubules [14, 32] . During neuritic advancement, the dynamic polymerizationdepolymerization mechanism generates cyto-mechanical forces that regulate the dynamic assembly and organization of the actin-microtubule cytoskeleton [33] . Furthermore, the adhesion of filamentous actin cytoskeleton to the neural membrane through numerous adaptors and signalling proteins acts as a 'molecular clutch', thereby redirecting the force of actin polymerization towards the leading edge and resulting in growth and guidance of the axon [34] . [28] royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190505
In addition to the growing actin network ( pushing force), the leading edge is tightly regulated by myosin II, a motor protein recently implicated in the severing of actin bundles, causing retrograde flow of the actin network [35] . It is also interesting to observe that filamentous actin tended to exhibit a larger circumferential meshwork and larger growth cone neuritic tips when neuronal cells were cultured on a hydrogel surface whose Young's modulus (1.7 ± 0.3 × 10 2 Pa) was comparable to that of brain tissue [36] , while the average length of F-actin bundles was found to be significantly reduced in cells cultured on softer hydrogels [23] . Thus, it is important to note that physical cues such as stiffness of the hydrogel induce a change in the cytoskeletal arrangement of F-actin, which may, in turn, regulate neuritogenesis. The cytoskeletal rearrangement is responsive to various extracellular cues, including spatial and temporal changes in trophic signal concentration gradient, physical cues and the presence of other cells in the vicinity [37, 38] .
Adhesion of neurites to the functionalized surface of hydrogel substrate via proteins such as integrins, cadherins and other cell-specific adhesion molecules is known to affect filamentous actin dynamics [18] . One of the most likely mechanisms for the substrate-actin interaction could be the recruitment of scaffolding and signalling proteins such as focal adhesion kinases, talin, paxillin and A-actinin within the neural cells [14] . The modulation of neuro-cytoskeletal structure and its effects on neuronal stem cell differentiation within hydrogel matrices have also been recently studied. Neuronal stem cells encapsulated in polyacrylamide hydrogel functionalized with a glycosaminoglycan (GAG) binding peptide demonstrated good substratum-induced differentiation [27] . Conversely, highly compliant hydrogels have been observed to reduce neuronal differentiation, possibly because of lower filamentous actin polymerization [27] .
Alternatively, modifying F-actin polymerization and stress fibre formation in neural cells by directly modulating F-actin regulatory proteins such as Yes-associated protein (YAP) and transcription co-activator with PZD-binding domain (TAZ) are among the strategies that have been incorporated into hydrogel-based neural cultures [27] .
In a recent study, embryonic and adult-derived neuronal progenitor cells (aNPCs) have also been observed to adhere and undergo differentiation within a hydrogel bifunctionalized with poly-lysine (PL) and laminin motif IKVAV (isoleucine-lysine-valine-alanine-valine) with varying stiffness. IKVAV and PL functionalization, with an overall hydrogel stiffness of 2 kPa, exhibited a more conducive environment for the attachment of cortical progenitors and showed a marked increase in β1-integrin expression, which is crucial for neurite growth [22] .
Additionally, in many of the studies designed to identify neuronal cytoskeletal determinants, it is important to recognize that 3D culture systems provide a more tissue-mimetic architecture and elicit responses that are more physiologically relevant than conventional two-dimensional (2D) culture systems. Cytoskeletal forces that govern the movement of neurites in a 2D system are drastically different from the forces experienced in a 3D culture system that leads to neuronal migration and maturation [39] . This is possibly due to differences in cellular adhesion, surface topography and ability to incorporate soluble factors into a 3D culture system. Additionally, in a 3D system, incorporation of soluble factors such as nutrients or growth factors results in dynamic spatial gradients that influence cellular migration, interaction and differentiation, which are not observed in a homogeneously distributed 2D system. The planar environment of 2D systems confines the cells and offers negligible resistance to migration; also, only segments of the cellular membrane interact with the extracellular matrix, leading to an unnatural and polarized integrin binding that affects the phenotype and cytoskeletal arrangement of the cell [39] .
Mechano-sensing by neurons
Development of the nervous system encompasses complex spatio-temporal signalling patterns that regulate axonal growth and synapse formation. Interestingly, alteration of physical cues in the neuronal environment such as surface topography, rigidity/stiffness, anisotropy, wettability and surface charge can introduce dynamic changes in cellular development and response. Neurons convert physical forces into biochemical signals owing to the presence of specialized channels called mechanically activated (MA) ion channels. Acid-sensing ion channels and transient receptor potential ion channels, particularly TRPV4, potassium ion channels with 'two-pore domains' such as the TWIK-1-related K + channel (TREK-1), TREK-2, TWIK-related arachidonic acidstimulated K + channel and Piezo ion channels, are among the few such ion channels associated with mechano-sensing [40] . Previous studies have demonstrated that exertion of mechanical stress on neural cells cultured within polyacrylamide hydrogels induces growth cone collapse, retraction of neuritis and alteration of the cytoskeleton. These effects have been primarily attributed to the sharp increase in intracellular calcium within the cell soma and growth cones, secondary to activation of mechanical stretch receptors [10] . However, there is very little information in the literature regarding the role of neuronal mechano-sensitive ion channels within a larger hydrogel platform, and further studies are needed to shed light on this important topic.
Controlled release of biomolecules from hydrogel systems
In addition to providing mechanical support and physical cues for regenerating neurons, hydrogels can be further used to release exogenous biomolecules in a controlled manner by incorporation of these agents into the hydrogel matrix. In fact, hydrogels have been widely used for the incorporation of drugs, small molecules, extracellular matrix proteins and even secretory cells for the purpose of neural regeneration. The fundamental principle behind the release of loaded molecules in any hydrogel system stems from its degradative property. Overall, hydrogel degradation is primarily the function of its surface erosion (degradation of the overall polymeric network architecture) and bulk erosion (cleavage of individual bonds within the polymer) properties [41] . Hydrogel degradation can be controlled by changing the polymeric content, molecular weight, pore density and degree of cross-linking, which in turn affects the release profile of loaded substances. Control over hydrogel degradation plays a crucial role in the design and development of strategies for NTE. A list of hydrogel systems used for the delivery of various biomolecules is shown in table 2. Thus, by incorporating physical cues and biomolecules, hydrogels can be designed royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190505 to provide a more synergistic environment that allows better development of functional neural tissue.
Release of neurotrophic factors
Neurotrophic factors are a group of biomolecules that have received special attention in NTE. It is well known that neurotrophic factors are essential for regulating and promoting growth, proliferation and overall survival of neural cells. Some well-known neurotrophic factors include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 or -4 (NT3/NT4), glial cell line-derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF). Tyrosine receptor kinase (Trk A, Trk B, Trk C) and p75 are some common neurotrophic receptors that have been targeted in NTE. In neuronal injury, neurotrophic factors such as NGF and BDNF along with their receptors have shown increased expression [53] , while trophic factors such as NT3 and Trk B are downregulated [54] . Such alterations in trophic factors and their receptor expression have severe detrimental effects during axonal regeneration. A viable strategy that has been used in NTE is the exogenous provision of growth factors to enhance recovery and regeneration of injured axons. Direct delivery of neurotrophic factors has proved to be difficult, considering the large molecular size of the trophic factors, relatively short duration of activity and systemic side effects such as diffuse myalgia and hyperalgesia [55] [56] [57] .
Hydrogels, with their ease of synthesis and ability to deliver loaded biomolecules, provide a strong platform for supplying neurotrophic factors to the region of interest. However, the delivery of neurotrophic factors to facilitate neuronal regeneration comes with its own set of challenges.
Regenerating neural cells require trophic support in specific concentrations and at particular phases of their growth, making it imperative that the hydrogel system is designed to suit such fundamental requirements. Despite such challenges, based on the rate of degradation of cross-linking polymers, the nature of pores and other physical characteristics of the hydrogel, the incorporated neurotrophic factors can be temporally released with control over concentration, duration and rate of release. For instance, the commonly used poly-lactic acid (PLA)-polyethylene glycol (PEG) hydrogel formulations, by a series of chemical modifications, have been shown to release neurotrophin-3 (NT3) in a manner in which the initial burst release followed by a prolonged release contributed positively towards sustained neural growth [58] . It has also been observed that, by simply decreasing the hydrogel pore size and density, the initial NT3 burst release could also be concomitantly decreased, thus allowing for flexibility in delivering neurotrophic factors in the desired concentration and duration. Moreover, such NT3-loaded hydrogels have also been successfully administered at the site of spinal cord lesions in animal models and improvements in axonal regeneration have been observed [42] . [52] royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190505
Even though the physical and chemical characteristics of the hydrogel are important in determining the duration and the delivery dosage of the loaded biomolecules, it has also been observed that some trophic factors tend to interact with the hydrogel material and affect their release profile. For example, collagen hydrogels designed for releasing epidermal and basic fibroblast growth factors (EGF and FGF-2) showed a differential release profile, with prolonged release of FGF-2 in comparison with EGF [59] . Such observations are attributed to strong ionic interactions between charged groups present between collagen and FGF-2, which ultimately prolong its release in the gel matrix. Similarly, affinity-based hydrogels are a group of specially modified systems that release the incorporated biomolecule only after cleavage of the bond tethering the biomolecule to the hydrogel. Several neurotrophic factors have been incorporated into the hydrogel matrices using the affinity-based system. Negatively charged sulfate groups present on heparin have been extensively used to immobilize various neurotrophic growth factors such as NGF, GDNF and NT3 [44, 45, 48, 60] . Fibrin is a widely used polypeptide that has been used with heparin to aid in biomolecule delivery [61] . A common strategy is to cross-link heparin to the fibrin matrix using a bi-domain peptide, where one end of the domain cross-links within the fibrin and the other end interacts with heparin [62] . Incorporated growth factors non-covalently interact with the negatively charged groups of free heparin, reducing the diffusivity of the trophic factors from the hydrogel and prolonging their release. Similar to fibrin, collagen is another polypeptide widely used as a wound dressing, as a filling material and as a drug delivery reservoir. Applications of injectable collagen hydrogels have been explored for the delivery of trophic factors such as platelet-derived growth factor and insulin-like growth factor I in injury models of the peripheral nerve [63] .
Other innovative methods for controlling biomolecule release include the incorporation of trophic factor-loaded micro/nanoparticles within the hydrogel matrix. Studies using hyaluronan and methylcellulose (HAMC) hydrogel incorporated with polymeric PLGA nanoparticles loaded with NT3 have demonstrated slow release of NT3 [64] . The prolonged release from such dual composite systems can be attributed to hydrophobic interactions between methylcellulose and the PLGA nanoparticles forming a diffusive barrier that hinders and slows payload release. Such dual composite systems have also been tested under in vitro conditions using sensory neuronal cultures, where enhanced neuritic extensions have been observed for as long as 28 days [64] . Similarly, altering the composition of BDNF and GDNF containing PLGA nanoparticles within a PEG hydrogel system has been shown to produce a differential release profile of the loaded neurotrophic factors. This system offered a slow-release component that provided BDNF for 56 days, and a relatively faster component that released GDNF within 28 days [65] . Such types of delivery systems provide temporal control for releasing multiple biomolecules from a single hydrogel matrix which can be used to provide the complex cues necessary for neural regeneration.
Release of factors that block neural regeneration inhibitors
A significant challenge in neural tissue repair is the nonpermissive environment created at the site of injury due to the release of various inhibitory molecules. Glial scar, which is composed of astrocytes and elements of connective tissue, is one of the major impediments to axonal regeneration. The inhibitory molecules produced from activated glia within the scar such as CSPGs [66] , tenascin [67] or ephrin-B2 [68] greatly impede the regeneration process.
To counter this intrinsic resistance of neural scar tissue to axonal growth, strategies have been adopted where molecules that neutralize these inhibitory factors have been incorporated into hydrogels for local release in the scar areas. Chondroitinase ABC (ChABC), a bacterial enzyme that degrades GAG chains on CSPGs, has been well reported to facilitate the growth of axons in nerve injury models [69] . In one such study, fibrin gels loaded with ChABC, implanted proximal to the site of the spinal cord lesion, demonstrated a decrease in GAG level at the site of the lesion [47] . Since ChABC has a high rate of degradability and poor thermal stability, various strategies have been developed to improve its functionality. An affinity-based system using the recombinant fusion protein of ChABC-Src homology domain 3 (SH3), incorporated in a methylcellulose hydrogel modified with SH3 binding peptide, provided a platform for tunable release [70] . In another study, a combinatorial approach was attempted, where NT3 and thermally stabilized ChABC in agarose hydrogel were tested in a spinal cord injury model, with results demonstrating enhanced axonal regeneration capacity and improvement in locomotor function [71] . Similarly, Nogo, a known myelinderived axonal outgrowth inhibitor, and its axonal receptor have been targeted for promoting axonal regeneration. Antibodies against Nogo-66, which is a 66-residue domain of Nogo that is expressed on the surface of oligodendrocytes, were conjugated to hyaluronic acid (HA) hydrogel to yield a prolonged release of the antibody [51] . Similarly, incorporation of the antibody against the Nogo receptor (NgR) in HA hydrogel was found to enhance the growth of hippocampal neurons in vitro [72] and to promote functional recovery in an animal model of stroke [73] .
Release of drug molecules from hydrogel
Injectable hydrogel systems have been quite extensively used to deliver therapeutic molecules in various neurological disorders, but particularly so for treating tumours arising in the nervous system, such as glioblastoma multiforme (GBM), a fast-growing aggressive tumour with high mortality rates. The overall rationale is to maintain a therapeutically relevant concentration of the drug in the local area, thereby serving two purposes: preventing tumour recurrence and reducing systemic toxicity. However, the key feature is to have a drug delivery system that can release the anti-cancer drug for prolonged periods of time. Polyethylene glycoldimethacrylate (PEG-DMA) injectable hydrogel incorporated with temozolomide, a commonly used chemotherapeutic agent against GBM, has been shown to release the drug for extended durations of time [74] . Similarly, hydrogels have also been used to release neurotransmitters in animal models mimicking Parkinson's disease. Hydrogel composite comprising of dextran dialdehyde and gelatin, loaded with dopamine, when delivered into the striatum region of a dopamine-deficient Parkinson's mouse model, resulted in restoration of motor activity [75] .
Alternatively, strategies that do not involve direct administration of dopamine-loaded hydrogels into the region of royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190505 interest include attempts to breach the blood-brain barrier. Intraperitoneally administered polyvinylpyrrolidone-poly (acrylic acid) (PVP/PAAc) nano-gels loaded with dopamine have been found to partially cross the blood-brain barrier and release the neurotransmitter within the brain parenchyma [76] . In addition to the examples cited above, drugincorporated hydrogels have also been tested on several experimental models of stroke [77] , Alzheimer's disease [78] and seizure [79] .
Be it the release of drug molecules, blockers of regenerative inhibitors or neurotrophic factors, the fundamental principle behind release of loaded substances from the hydrogel depends on its degradation. For instance, in spinal cord injury models, it has been observed that axonal regeneration occurs at a rate of 1-2 mm per day [80] , and most studies have routinely shown that recovery of spinal cord function occurs within the first three weeks in rodent models [81] . Any hydrogels being tested for spinal cord injury would likely consider these time lines for release of therapeutic molecules. However, from a translational point of view, this scenario may be different, since the nature of the spinal cord injury (crush, contusion, section, etc.) would dictate the rate of regeneration, and the hydrogel may have to be customized based on the extent and type of the injury. Thus, consideration has to be given to such biological variability for specific applications and the hydrogel matrix needs to be specifically formulated.
Cells encapsulated in hydrogels
Cellular transplantation, a process where cells cultured in vitro are implanted into an injured or diseased area, is gaining much recognition for its application in NTE. The overall idea is to introduce specialized cells that can either produce therapeutic molecules to aid neural regeneration or simply replace the injured or dead cells by integrating with the surrounding tissue. Encapsulation of such implanted cells has been shown to enhance functional outcome, particularly if the implanted cells are protected from the immune response. Several natural and synthetically derived hydrogels have been used to encapsulate cells, and it has been observed that the encapsulated cells are directly affected by the degree of cross-linking and degradability of the hydrogel [82] . For instance, cross-linked alginate hydrogel coated with poly-L-ornithine has been used to encapsulate and form a size exclusion barrier around nonautologous fibroblast cells, for facilitating cell secretion. It was observed that the alginate gel allowed diffusion of cellsecreted neurotrophic growth factors, but prevented the infiltration of immune cells [43] . In a similar study using the same concept, BDNF-secreting non-autologous fibroblast cells encapsulated in alginate beads showed good results when implanted in the dorsolateral funiculus of the spinal cord. The implanted cells-hydrogel complex induced recovery of limb motor strength in spinal cord-injured rats, along with neuritic sprouting in the injured axons. Interestingly, there was marked absence of immune reactivity against the implanted cells within the alginate beads [43] .
In recent years, a large body of research has strongly pointed towards the feasibility of using hydrogel systems to encapsulate and stimulate neural progenitor cells to naturally undergo differentiation into various cell types. In a recent study, it was observed that 4-dibenzocyclooctynol (DIBO)-functionalized PEG hydrogel tethered with laminin and interferon-γ strongly facilitated the differentiation of encapsulated neural stem cells to functional neurons [83] . The DIBO-PEG hydrogel with a shear modulus measuring around 0.7 kPa, which housed encapsulated stem cells, facilitated a marked increase in neuronal differentiation, suggesting that strategies that combine techniques such as encapsulation and provision of trophic support appear to have better outcomes [83] . Interestingly, it has also been observed that different types of neural progenitor cells behave differently within hydrogel matrices. A well-documented observation is that aNPCs cultured in HA and PEG-based hydrogel show strong differentiation potential, compared with fetal-derived neuronal progenitor cells [84] .
While there are several ongoing studies investigating the regulatory and signalling pathways that are instrumental in dictating how neuronal differentiation occurs in 3D matrices in vitro, attempts to incorporate stem cell-encapsulated hydrogels in animal models of neurological disorders have yielded some promising results. An amyloid-inspired peptide hydrogel that uses α-synuclein protein to form a nano-fibrous network was found to promote differentiation of mesenchymal stem cells into a neuronal lineage when implanted into the substantia nigra and striatal regions of the basal ganglia in animal models of Parkinson's disease [85] .
In addition to the incorporation of simple peptides in hydrogels, there have been recent attempts to use certain selfassembling peptides (SAPs) in the development of specialized hybrid hydrogels. SAPs are small peptide molecules that can self-assemble, form nano-fibrous scaffolds, incorporate bioactive sequences and be adapted for external stimulustriggered responses (pH, ionic gradient, hydrophobicity, temperature) [86] . The self-assembling nature of these peptides has been attributed to the various non-covalent interactions, such as hydrophobic, π-π, hydrogen bonding and electrostatic interactions, which can be modified to yield gels with the required properties [87] . SAP hydrogels consisting of peptides arginine-alanine-aspartate (RAD)16-I and RAD16-II were found to undergo molecular self-assembly to form ionic β sheets, and were used as substrates for neuritic growth and synapse formation in vitro [88] . Neuritic cells incorporated in the above SAP hydrogels demonstrated excellent growth and synapse formation [88] , and also exhibited minimal inflammatory response when implanted in vivo. Similarly, nano-fibrous scaffolds formulated with RADA16 peptide, with appended motifs from naturally occurring cellular proteins, demonstrated the differentiation ability of encapsulated neural stem cells, along with upregulation of genes responsible for neuronal growth [89] . However, RADA16-I SAP hydrogel functionalized with BMHP1 (bone-homing peptide) showed only moderate gains in motor recovery when implanted in animal models of spinal cord injury [90] . Furthermore, SAP hydrogels have also been recently used in the delivery of neural progenitor cells to the brain, where N-fluorenylmethyloxycarbonyl self-assembling peptides (Fmoc-SAPs) appended with laminin and fibronectin were used to deliver cortical neural progenitor cells to the mouse brain [91] . Results from this study showed neuritic extensions from the cortical neural progenitor cells into the brain parenchyma and displayed limited glial scarring [91] . These results indicate that SAP hydrogel systems have generally exhibited favourable outcomes for neural regeneration, but there are several questions related to immune response towards peptides, functional and behavioural changes in response to SAP hydrogel incorporation in the brain and long-term tissue effects that need to be addressed.
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It has been increasingly found that electrical stimulation of injured neural tissue leads to profound cellular changes in terms of regeneration and repair. Experiments in both in vitro and in vivo models have demonstrated that a depolarizing current applied in the vicinity of injured axons has significant effects on axonal sprouting and regeneration [92] . The mechanism of how electrical stimulation facilitates neuronal regeneration is not completely clear, but several hypotheses, including the role of voltage-dependent calcium channels [93] , changes in local electrical field of extracellular matrix molecules [94] and electrical stimulation-dependent modulation of neurotrophic factor release, have been proposed [95] .
It is interesting to note that much of the research pertaining to electrical stimulation of neural tissue has been focused on peripheral nerve and spinal cord repair. Traditionally, in peripheral nerve defect(s) and spinal cord injury models, nerve grafts or synthetic nerve conduits have been used to bridge gaps between severed or damaged neural tissue. Nerve conduits are made up of either biological or synthetic polymers such as collagen and gelatin or polyethylene glycol and polyvinyl alcohol polymers, respectively [96] . To facilitate the flow of ions through the supporting matrix, various conducting materials have been tried, and such systems have been termed conducting hydrogels. At this juncture, it is important to understand the nature of electrical interaction between tissues and external conducting materials. Tissues use mobile ions as charge carriers, while traditional electrical conductors such as metallic electrodes solely depend on mobile electrons. Upon electrical stimulation of an electrode, current is transduced to the tissue via Faradic and capacitance charge transfer [97] . Faradic currents are generated through electrochemical reactions (oxidation or reduction) at the electrodetissue interface, which over time can be detrimental to tissue, while capacitance currents are generated through simple charge separation at the electrode-tissue interface [97] . Since conducting hydrogels have both mobile electrons (from conducting polymer chains) and ions (from the aqueous phase) and exhibit higher volumetric capacitance, they offer tremendous opportunity for interfacing material-neural interactions.
The electro-conductive hydrogel usually comprises two varieties of polymers, namely a conducting and a non-conducting polymer. The latter provides 3D aqueous gel properties and acts as a structural support for the growth of cells, while the conducting polymer is responsible for imparting electrical properties. Synthesis of this hybrid network can be carried out in two ways: (i) electro-or chemical polymerization of the conducting monomer in the prefabricated hydrogel or (ii) combining the conducting polymer monomers followed by an electrochemical polymerization process [98] . In addition to conducting polymers, hydrogels have been supplemented with metallic components to increase their conducting property. A micro-patterned silver nanowire-PEG hydrogel composite was used to provide both electrical and physical cues to facilitate directional and enhanced growth of neurites [99] .
Neural stem cells encapsulated within the hydrogel system and subjected to an electrical potential in the range of 5-20 V (single pulse every 2 h) for a period of 6 days showed differentiated cells that were positive for neuronal markers, with enhanced neuritic projections [99] . Similarly, the semiconducting property of carbon nanotubes (CNTs) was used in a PEG-multi-walled CNT nanocomposite hydrogel, where electrical stimulation (30 V m −1 for 2 h) and alteration of mechanical properties of the hydrogel showed an enhanced differentiation status of the encapsulated neuron-like cells (PC-12 cells). Curiously, clustering of PC-12 cells and alignment of neurites in the direction of the applied current were also observed in the hydrogel system with no detrimental effects on cellular health [100]. In a similar study, electrical stimulation of DRG neurons cultured in a composite collagen-based hydrogel with embedded single-walled CNTs showed an increase in neuritic differentiation [101] . In parallel, there have been a few studies that have attempted to examine the functionality of conducting hydrogels in animal models. A conducting hydrogel comprising tannic acid, poly-pyrrole and FeCl 3 showed moderate benefit when administered locally in a spinal cord injury animal model [102] .
In addition to neurons, the effect of electrical stimulation has also been observed in glial cells cultured within hydrogel matrices. Schwann cells cultured within chitosan-poly-pyrrole composite hydrogels in the presence of an electrical field for 4 h were found to express increased mRNA and protein levels of NGF and BDNF. Increased secretion of neurotrophins by electrically stimulated glial cells cultured in a hydrogel matrix raises the possibility of using this strategy for facilitating neuronal survival and regeneration in neural injury conditions [103] .
Another important development in this field has been the recent interest in neuromodulatory devices. Hydrogel has been used in fabricating electrodes and circuits that could be implanted in the brain or spinal cord. Alginate hydrogel in combination with poly-pyrrole or poly(3,4-ethylenedioxythiophene) has been used as a neural electrode coating, for reducing electrode impedance and facilitating better neural recording [104, 105] . In addition, conducting hydrogels made of poly(3,4-ethylenedioxythioephene)-poly(styrenesulfonate) have also been used to develop 'stretchable electrode' systems with enhanced charge storage capacity for use in prolonged nerve stimulation protocols [106] .
While the outlook seems promising for conducting hydrogels, challenges related to tissue toxicity in response to the conducting components, the difference in signal transduction due to hydrogel degradation, signal decay and long-term sustenance of these gels within the hostile in vivo environment need to be better addressed.
Future directions and challenges
It is interesting to note that, to date, in terms of approval from the US Food and Drug Administration, only nerve conduits for peripheral nerve repair have been moderately successful, while translational products addressing more complex neurological issues are extremely minimal. One of the main reasons for the dearth of tissue-engineered products in the central nervous system is the immense complexity of the nervous system. Even though several hydrogel systems have been developed to facilitate neuritic growth and regeneration, the outcomes, though promising, still appear to be a long way from translation. The central problem lies in the restoration of functional connectivity between various axons, neural circuits and nonneuronal cells, which is notoriously challenging because of the various inhibitory moieties present within the nervous system. Progress in understanding these fundamental principles of neural regenerative biology would immensely assist tissue engineering scientists to develop specialized scaffold royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190505 systems that can more closely mimic the physiological requirement of neural regeneration. Secondly, from a translational point of view, it may also be important to consider strategies that enhance the pro-regenerational environment within the patient; this may significantly increase the probability of success of tissue engineered neural constructs. Thirdly, looking at the complexities of the nervous system, it appears that a successful construct would incorporate multiple tissue engineering components such as optimal scaffold stiffness, relevant trophic signals with appropriate spatio-temporal release patterns, electro-conductive properties and local immunomodulatory properties. Finally, from a broader perspective it is important to understand the evolutionary pressures that may have resulted in human neural tissue adopting an overall rigid regenerative environment. As we go further in trying to facilitate and replace neural tissue, especially in core-brain areas, concerns regarding the effects of engineered neural tissue on higher mental functions such as memory, personality and behaviour will arise. Nonetheless, these are aspects that need to be considered and addressed as the field progresses.
Conclusion
NTE is an emerging field in bioengineering that attempts to craft materials capable of artificially mimicking a biological environment that is conducive for neural tissue growth. The main focus is to develop 3D, viable neural tissue capable of replacing damaged or diseased neural components, promote neural regeneration and restore function. In a broad sense, hydrogel matrices exhibit properties ideally suited for neuronal growth and regeneration, such as the ability to act as a platform capable of providing physical, chemical and electrical cues either separately or in a synergistic manner. However, there are still several questions that need to be answered before hydrogels can be used for mainstream NTE.
